Epimorphic regeneration is a unique and complex instance of postembryonic growth observed in certain metazoans that is usually triggered by severe injury [Akimenko et al., 2003; Alvarado and Tsonis, 2006; Brockes, 1997; Endo et al., 2004] . Cell division and migration are two fundamental biological processes required for supplying replacement cells during regeneration [Endo et al., 2004; Slack, 2007] . However, the connection between the early stimuli generated after injury and the signals regulating proliferation and migration during regeneration remain largely unknown. Here we show that the oncogenes ErbB2 and ErbB3, two members of the EGFR family, are essential for mounting a successful regeneration response in vertebrates. Importantly, amputation-induced progenitor proliferation and migration are significantly reduced upon genetic and/or chemical modulation of ErbB function. Moreover, we also found that NRG1 and PI3K functionally interact with ErbB2 and ErbB3 during regeneration and interfering with their function also abrogates the capacity of progenitor cells to regenerate lost structures upon amputation. Our findings suggest that ErbB, PI3K and NRG1 are components of a permissive switch for migration and proliferation continuously acting across the amputated fin from early stages of vertebrate regeneration onwards that regulate the expression of the transcription factors lef1 and msxB.
Introduction
A hallmark of epimorphic regeneration is the massive but tightly controlled proliferation of progenitor cells upon amputation in the context of an otherwise quiescent or basally proliferating environment. While a role for known developmental signaling pathways at key stages of regeneration is being uncovered in organisms from hydra to mammals, the specific signals that activate early migration and proliferation after injury remain unknown (Alvarado and Tsonis, 2006; Kawakami et al., 2006; Whitehead et al., 2005) .
The Neuregulins (NRGs) are a family of cell signaling proteins that have been shown to play a number of roles during development of both glia and neurons (Buonanno and Fischbach, 2001; Garratt et al., 2000) . They contain a motif first described in the Epidermal Growth Factor (EGF-like motif) that bind to receptor tyrosine kinases of the ErbB family. The activation of ErbB receptors by NRG can induce proliferation, differentiation, migration and increased survival of neurons, glia and muscle cells, with the exact response being highly context dependent. The ability to promote Schwann cell proliferation was used to isolate the first of several splice forms discovered for NRG1: Glial Growth Factor (GGF) (Brockes and Kintner, 1986) . This specific variant is thought to promote blastema proliferation during limb regeneration in salamanders through the ErbB2 and ErbB3 receptors. In addition to its role in development and regeneration, the ErbB-NRG pathway is also implicated in cancer progression. In particular, amplification of ErbB2 signaling is common in aggressive breast tumors and often correlates with poor prognosis (Citri and Yarden, 2006) . Although each of the four receptors of the ErbB family can bind a diverse group of cytosolic proteins, a quantitative protein interaction network indicates that PI3K usually binds to the ErbB receptors with high specificity (Jones et al., 2006) . Interestingly, amplification of PI3K signaling is also implicated in cancer progression (Engelman et al., 2006) . Although is clear that the ErbB-NRG pathway and PI3K signaling are able to modulate cell migration and proliferation in development and disease, two cellular behaviors indispensable for regeneration, little is known about their interaction during regeneration.
Through a combination of forward, reverse and chemical genetics we found that zebrafish homologues of the NRG receptors ErbB2 and ErbB3 together with PI3K and NRG1 are necessary for regeneration along ontogeny. We show that small molecule inhibitors designed against human ErbB receptors mimic the zebrafish ErbB2/3 loss of function phenotype and thus provide a method for inactivating this signaling pathway under temporal control in larvae and adults. This approach indicates that upon wound healing continued receptor activation is required to ensure proper migration and proliferation of progenitors cells. Surprisingly however, our data indicates that the activity of this signaling pathway is neither required for the migration of epidermal cells forming the wounded epithelium nor for the migration of leukocytes to the amputation plane.
Materials and methods

Animal strains
The zebrafish AB strain was maintained and crossed according to standard methods. All embryos and adults were kept at 28°C, staged according to Kimmel et al. (1995) and manipulated as described (Brand et al., 2002) . The FoxD3:EGFP line has previously been described (Gilmour et al., 2002) . Axolotl larvae at stage 45 (e.g. 3 cm long) obtained from the Ambystoma Genetic Stock Center at the University of Kentucky were used for the present study.
Regeneration assay in chemical and genetic screens
Fertilized zebrafish eggs were collected within 2 h of laying and raised until 5 dpf at a density of 4 animals ml − 1 of embryo medium (E2) in 100 mm Petri dishes. Dishes were kept in forward light-dark cycles at constant temperature as described (Dekens et al., 2003) . Larvae were always amputated at dusk. Prior to amputation, larvae were transferred to E2 medium with 0.02% (w/v) tricaine. Then, larvae tails were amputated with a razor blade, rinsed in E2 and transferred in groups of 24 to one well in a 12-well plate (Nunc). Each well had 3 ml of one small compound initially covering a 1000 fold dilution range from 100 nM to 100 μM. Each trial included at least one well of MOCK treated controls: 1% v/v Ethanol for Cyclopamine, and 1% DMSO for the other compounds described in Fig. 1 . Each solution was changed for a freshly prepared one every 24 h for 3 days. The lethal doses 50 (LD50) were defined as the concentration where 12 larvae died after the duration of the assay. The effective doses 50 (ED50) were defined as the concentration where at least 12 larvae exhibited a regeneration phenotype after 3 days of treatment. In all cases but the PLC-γ inhibitor U731222 the LD50 was at least 10 fold over the ED50. After defining the ED50, four groups of 24 amputated larvae were dispensed and one aliquot fixed every 24 hpi to assess their mitotic index. This procedure was performed at least in tetraplicates for each small compound. The last aliquot was used to qualitatively score the degree of larvae regeneration as previously described (Beck et al., 2003) . In short, a regeneration index (R) was calculated as the average of the numerical score assigned to each larva at 3 dpi based on the impression of how long fin regenerates were (10 for complete regeneration, 5 for partial regeneration and 0 for no regeneration). At 6 dpi the control larvae always obtained a score of R = 10. At 3 dpi regeneration in most individual control larvae is complete but their score as a population is R N 7. Subtle differences in the amputation plane could account for this variability because the regenerative ability in zebrafish larvae, as for most regenerating organisms, diminish from caudal to rostral on the tail.
Small compounds
The compounds used were SB203580 (inhibitor of p38), PD098059 (inhibitor of MEK-1), SP600125 (inhibitor of JNK), Cyclopamine (inhibitor of Smoothened), LY294002 (inhibitor of PI3K), U731222 (inhibitor of PLC-γ) and PD168393 (inhibitor of ErbB2/3). All but Cyclopamine (Toronto Research Chemicals) were obtained from Calbiochem and handled following the recommendations of the manufacturer.
Mitotic index
Fixed larvae from each replicate were processed in parallel for whole-mount immunodetection, flat-mounted on glass slides with Vectashield (Vector), covered with a coverslip and stored in the dark for quantification. The mitotic index was defined as the number of nuclei positive for anti-Phospho Histone H3 in the region caudal to the cloaca. To better quantify the amputation-induced response, this region was subdivided in three equal portions (Fig.  1D) . The data on larvae correspond to the regions A + B, unless otherwise stated in the text. For 3 dpi caudal fins from adults, positive nuclei were counted over three non-overlapping squares of 0.2 mm 2 on the blastema. For our purposes, the blastema was delimited as the region distal to pre-existing fin rays, excluding the wounded epithelium. For control adults, cells were counted as in amputated animals but the squares were placed distal to the first branching of the caudal fin rays. At least ten animals from each genotype were quantified each time and the whole procedure carried out in triplicate.
Statistical analyses
The non-parametric test Wilcoxon/Kruskal-Wallis test (Ranksums) was used to assess group differences between treatments. This test was chosen since there are more than two treatments or conditions given for the same independent variable (the number Phospho-Histone H3 cells). A Student's t-test was used to compare each of the treatments by pairs. All results at p b 0.05 were judge to be significant. The statistical analyses were performed using JMP software (version 6.0.0, SAS Institute).
Genetic mapping and positional cloning
Fish heterozygous for the mutation of interest (hps t23877 and kiz t20604 ) Tü were crossed to homozygous WIK L11 fish. DNA of homozygous F2 mutant larvae from these map crosses was screened for linked segregation of SSLP markers and the mutant phenotype to map the mutation in between two SSLP markers on a LG. For the positional cloning approach we PCR-screened the CHORI-211 BAClibrary using SSLP and SNP-markers and analyzed the results using FPC (http://www.sanger.ac.uk/Projects/D_rerio/WebFPC/zebra/small. shtml), ENSEMBL (http://www.ensembl.org/Danio_rerio/), and GEN-SCAN (http://genes.mit.edu/GENSCAN.html). Full erbB2 and erbB3 sequences were obtained by 5′-and 3′-RACE using the BD SMART™ RACE cDNA amplification kit (BD Biosciences) on polyA+ RNA. At least two independent PCR samples were sequenced to identify alleles.
Morpholino injection and drug treatments
The erbB2 ATG MO (5′-CCAAAACTTCTGTCCGCCTCCATCG-3′) was injected at a concentration of 20 μM (2 nl). The ErbB inhibitors PD168393 and AG1478 were obtained from Calbiochem. Whole larvae/adults were incubated for lapses of up to 24 h in fish buffer containing the drug at 5-10 μM for larvae and 20 μM final concentration for adults. Groups of two adults were incubated for 1 day in 25 ml of individual compounds and effects on wound epithelium formation evaluated by in situ hybridization for lef1. The solution was changed daily when the animals were incubated for longer periods of time, after short washes in fish buffer. Fig. 1 . A chemical genetic screen in zebrafish identifies several oncogenes as regulators of epimorphic regeneration. (A) Zebrafish larvae are able to regenerate a significant portion of the tail that includes spinal cord, muscle, skin and blood vessels. At 6 dpf very few proliferating cells (visualized in green with anti-Phospho Histone H3 antibodies) are detected in the caudal region of control larvae. (B) Conversely, a marked increment of mitotic cells can be observed in amputated larvae at 6 dpf/1 dpi. Some, but not all of the dividing cells are present in the blastema (visualized in red with an antibody anti-Vimentin). (C) Transgenic lines NBT:DsR2 (van Drenth, M., unpublished) and FoxD3:EGFP indicate that the blastema is heavily innervated (white arrowhead, red channel) and void of neural crest cells at 1 dpi (green channel). Dotted lines indicate the amputation plane in panels (B) and (C). Amputation-induced proliferation of progenitor cells can be modulated by small chemical compounds. (D) In order to quantify the proliferative response, the number of dividing cells is counted in each one of the compartments depicted and (E) tabulated in the presence or absence of small compound inhibitors specific for a number of oncogenes. Data for the regions A + B (see panel D) is shown (E). At 6 dpf/1 dpi, the number of proliferating cells in region B is significantly enhanced by incubating regenerating larva in 20 μM SB203580 and 20 μM PD098059. In contrast, this number is significantly reduced in larva incubated in 20 μM SP600125, 5 μM Cyclopamine, 5 μM LY294002 or 10 μM PD168393. (F) Different cell types migrate towards the amputation plane during regeneration. Larvae were amputated at 5 dpf followed by immediate photoconversion of the fluorescent protein CoralHue™ Kaede at localized spots (white octagons). At 24 hpi different cell types, including cells from the epidermis and the notochord (white arrowheads), move towards the amputation plane in larvae incubated in DMSO. Conversely, no cell movement was observed in larvae incubated in 10 μM PD168393/LY294002 during the same period of time. Importantly, cells from uncut larvae do not undergo migration over the time window of our experiments (data not shown). Under our conditions, UV light photoconverts many cells along the L/R axis at the given A/P position in the larvae. This is useful for the main reason that as most photoconverted cells do not move towards the amputation plane they clearly identify the initial A/P position of the photoconverted cluster at 24 hpi (as indicated by the white octagons in the panel). For the purpose of morphological reference: HU, head to urogenital region; UR, urogenital region; RR, regenerated region. Scale bar 100 μm.
In situ hybridization and immunohistochemistry
Whole-mount in situ hybridization on 5 dpf larvae and adult fins was performed with NRG1, erbB2, erbB3, msxB, lef1, raldh2 and shh probes using a standard protocol (Schulte-Merker, 2002) . To label the neuromasts, whole larvae were incubated for 10 min at 5 mM FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-diethylamino) phenyl) hexatrienyl) pyridinium dibromide, Molecular Probes) in fish buffer and rinsed twice for 5 min in fish buffer. Neuromasts were imaged using standard Cy3 filter settings. Endogenous alkaline phosphatase staining was done as described (Habeck et al., 2002) . Mitotic cells on larvae and adult fins were identified with a rabbit anti-phospho-Histone H3 (Ser10) antibody (Upstate) used at 1:500 dilution. Zebrafish ErbB2 was detected with a rabbit anti-c-ErbB2/cNeu (Ab-1) antibody (Calbiochem) used at 1:200 dilution. Phosphotyrosine activity was detected with a mouse anti-Phosphotyrosine (4G10) monoclonal antibody (Upstate). Secondary antibodies Alexa Fluor 488 goat anti-rabbit, Alexa Fluor 546 goat anti-rabbit and Alexa Fluor 546 rabbit anti-mouse (Molecular Probes) were used at 1:500 dilution. A standard protocol for whole-mount immunodetection was followed (Schulte-Merker, 2002) . Confocal images for Alexa Fluor 488, Alexa Fluor 546 and DIC were simultaneously captured using the Zeiss LSM510 Meta confocal microscope. Z series were obtained with 4 μm steps over the total distance across the fin or tail (usually 50-100 μm). To estimate mitotic indexes, the z-planes from the Alexa Fluor 546 channel were projected using ImageJ 1.37v software.
Mosaic analysis of Neuregulin 1 function
Mosaics were generated essentially as described (Ho and Kane, 1990; Rojas-Munoz et al., 2005) . In short, mosaic animals were generated by transplanting labeled cells from donor embryos into unlabelled hosts at the late blastula stage. Embryos were obtained by crossing wild-type animals from the AB strain. Donor embryos were injected at the 1-cell stage with 100 pg of capped NRG1 and/ or EGFP mRNA dissolved in Danio buffer. At the blastula stage, 10-30 cells were removed from a labeled donor with a glass pipette and transferred to an uninjected host. The overgrowth phenotype upon mRNA NRG1 injection is usually not evident until after 4 dpf. Mosaic animals were usually raised in 1-phenyl-2-thiourea (PTU) (Karlsson et al., 2001 ) and scored for developmental defects at regular intervals from early somitogenesis onwards. Hosts were subdivided by scoring for the presence of labeled cells of abnormal morphology in their skin under the fluorescence stereoscope at 5 dpf. The remaining larvae were kept and used as general transplantation controls. Unhealthy or grossly abnormal larvae were discarded at 36 hpf and therefore not included in the analyses. Mosaic embryos from three different transplantation sessions were processed as described above for statistical analyses. In another set of experiments, donor embryos were injected at the 1-cell stage with 100 pg of capped NRG1 dissolved in Danio buffer and incubated in either 10 μM PD168393 or 1% DMSO until 5 dpf. At this stage, embryos were scored for ectopic accumulation of cells as described above.
Time-lapse confocal microscopy
Amputated larvae from the transgenic line histone H2A:H2A-EGFP (Pauls et al., 2001) were used for time-lapse confocal microscopy. This transgenic line specifically labels the nuclei of the fish at all stages of development and allowed to constantly track the position of the nuclei and the orientation of the mitotic spindle during mitosis. Time-lapse confocal analysis of amputated larvae was carried out between 4-5 dpf. Prior to imaging, larvae were transferred to E2 medium with 0.02% (w/v) tricaine. Larvae were then embedded in a coverslip-bottomed glass ring (Fischer Scientific GmbH), in 1.2% low melting point agarose dissolved in embryo medium with 0.04% tricaine. After agarose gelification, larvae were covered with E2 medium and the chamber sealed with silicone of high viscosity (Bayer) and a glass slide. Time-lapse imaging was performed on a Zeiss LSM510 Meta confocal microscope using a 25×/0.80 NA objective. Confocal images for EGFP and DIC or EGFP and Bodipy-TMR (Molecular Probes) were simultaneously captured. Bodipy-TMR 1% dissolved in E2 medium was injected on H2A:H2A-EGFP embryos at the dome stage. Z series were obtained at 6 min intervals with 3 μm steps over a total distance of 50 μm. A single z-plane was chosen and movies were compiled using the LSM software. Both the movement of the cells and the orientation of the nuclear divisions were used as landmarks to study the morphogenesis of the blastema until 6 hpi, approximately. The number of notochordal cells deposited in the blastema from 1 to 3 hpi (designated N) was used to quantify the effect of small compounds on cell movement during larval regeneration.
Coral-Hue Kaede (CHK) photoconversion
Embryos at the 1-cell stage were injected with 50 pg of in vitro transcribed capped mRNA from a CHK (Ando et al., 2002) gene cloned in pCS2+. Animals were raised in complete darkness until 5 dpf. Upon tail amputation, larvae were mounted in agarose as described above and kept protected from light until photoconversion. The mechanical pinhole of a Nikon Eclipse TE300 microscope was manually adjusted to its minimum aperture resulting in an octagon-shaped area of 100 μm in diameter at a magnification of 20×. One pulse of 15 s using a UV light from a mercury arc lamp source was enough to induce the photoconversion of CHK along the main body axis. A pulse of 30 s was normally applied for caudal finfolds. Larvae were incubated in either chemical inhibitors or 1% DMSO for up to 24 hpi and migration documented by capturing fluorescent signals simultaneously using the standard excitation and emission settings for the fluorophores FITC and Cy5 at 24 hpi.
First responders assay
Adult fish were injected with 1 mM CM-DiI (Molecular Probes) dissolved in DMSO. The dye was always injected five segments proximal to the bifurcation of the hemirays. The injected animals were kept in the dark for 8 h to allow for the migration of polymorphonuclear cells (PMNs) to the wound site (Redd et al., 2006) . Subsequently, the fins were amputated at the level of the bifurcation and migration of PMNs documented at 24 hpi under UV illumination with a Zeiss SV Stemi SV11 stereoscope.
Morpholino knockdown by electroporation
Morpholinos (MO) were obtained from Gene Tools and tagged with fluorescein at the 3′ end. The Neuregulin 1 morpholino (5′-TGCTGGTGGCTGCTGCACAGAGGAA-3′) was designed against the splicing acceptor site present at exon 6. NRG1 morpholino or the control morpholino (rx3 GT-MO, 5′-TACTCACCATCAAAGTGTTTATTCG-3′) (Rojas-Munoz et al., 2005) were injected into one half of the regenerate of adult fins at 1 dpi. After injection, the entire fin was electroporated with an Electro Square Porator T820 following published protocols (Jazwinska et al., 2007) . After the procedure, fins were documented at different time points by capturing fluorescent and brightfield signals simultaneously using the standard excitation and emission settings for the fluorophore FITC on a Zeiss SV Stemi SV11 stereoscope. Published protocols were followed for the quantification of the phenotype (Jazwinska et al., 2007) . In total, twelve fins were scored for each treatment on three independent electroporation experiments.
Results
Small compounds modulate the regeneration response in zebrafish larvae
Due to the apparent similarities between the initial stages of regeneration and cancer progression (Brockes, 1997 (Brockes, , 1998 we decided to evaluate whether the modulation of oncogenes could affect the early regeneration response in zebrafish. In addition to its many embryological and genetic advantages, the early stages of this model system are ideally suited for large-scale chemical genetics (Peterson et al., 2004) . Moreover, recent data indicate that zebrafish larva is a fruitful model to study regeneration (Kawakami et al., 2004; Mathew et al., 2007) . Therefore, we implemented a reliable regeneration assay at early stages of zebrafish development and challenged it with a selected battery of small chemical compounds (Fig. 1, Figs. S1 and S2) . These compounds were all specific antagonists of known oncoproteins, many currently on clinical trials.
Our data shows that, upon caudal fin amputation, larvae regenerate missing structures in just 3 days including blood vessels, skeletal muscle and caudal fin ( Fig. 4A and Fig. S1 ). Moreover, neither malformations were observed nor their regenerative capacity was diminished when the amputated larvae were raised to adulthood. Tail fin larvae regeneration was further characterized at the cellular and molecular levels. Like in the adult situation, amputation was able to induce progenitor proliferation not only at the amputation plane but several μm adjacent to it (Figs. 1A and B) . This very same cellular response upon amputation has been recently described for the Axolotl tail (McHedlishvili et al., 2007) , suggesting that a pool of progenitors can be recruited from sources other than the amputation plane. After amputation we also found projecting axons around the amputation plane (Fig. 1C) . Robust innervation of the regenerating tissue is a cellular response believed to be required in most instances of vertebrate regeneration (Brockes and Kintner, 1986; Endo et al., 2004) . Although the specific function of nerves during regeneration remains unclear, it might involve the release of growth factors, like GGF (Brockes and Kintner, 1986) , Nag2 (Kumar et al., 2007) and FGF, able to promote progenitor proliferation at the amputation plane. At the molecular level, we found that the expression of several components of various signaling pathways and transcription factors normally upregulated during adult fin regeneration (Alvarado and Tsonis, 2006) was also increased during larval regeneration (Fig. S3) . Together, our data indicate that epimorphic caudal fin regeneration at larval stages resembles adult fin regeneration at the cellular and molecular level.
The readout of our chemical screen focused on both the number of proliferating cells observed upon amputation in specific regions of the tail (Fig. 1D ) and the degree of regeneration 3 days post-injury (3 dpi). The latter was expressed as a regeneration index (R). Interestingly, although all the compounds have been characterized as inhibitors, two of them, SB203580 (p38) and PD098059 (MEK-1), actually increased the level of progenitor cell proliferation compared to amputated controls ( Fig. 1E and Fig. S2 ; SB203580 P = 0.0029, PD098059 P = 0.0005 at 1 dpi). In a different context, these two compounds have recently been shown to promote proliferation of mouse cardiac cells in a process mediated by PI3K (Engel et al., 2005) . Conversely, the inhibitors SP600125 (JNK), Cyclopamine (Smoothened), LY294002 (PI3K) and PD168393 (ErbB2/3) all significantly reduce the amount of amputation-induced progenitor cell proliferation compared to amputated controls ( Fig. 1E and Fig. S2 ; P b 0.0001 at 1 dpi). This reduction correlated with lower regeneration index scores when compared to DMSO controls (R = 7.34 ± 1.18 for DMSO, R = 2.33 ± 1.06 for SP600125, R = 1.15 ± 0.74 for Cyclopamine, R = 1.97 ± 1.12 for LY294002 and R = 3.42 ± 1.61 for PD168393). Interestingly, JNK and Hh have been recently linked to the regenerative response in Drosophila and Axolotl (Lee et al., 2005; Schnapp et al., 2005) . Similar results have also been recently reported for LY294002 (Grabher et al., 2007; Nakatani et al., 2008) .
As PI3K and ErbB2/3 have also been implicated in cell migration during normal development and disease (Citri and Yarden, 2006; Zhao et al., 2006) we ask whether specific migratory events were affected in amputated larvae incubated with these compounds. Shortly upon injury larvae deposit cells from the notochord at the amputation plane forming together with other cell types (see below) a mass of proliferative cells covered by the wounded epithelium resembling a regenerating blastema (Fig. 2 and Movie S1). Animals incubated simultaneously in PD168393/LY294002 (PD/LY) exhibit a delay in the deposition of cells from the notochord into the blastema compared to controls (N b 1 in 100% of larvae, n = 7 compared to N = 1.75 in Mock controls, n = 4) ( Fig. 3 and Movie S2, S3). Animals incubated in either inhibitor alone exhibit only partial delay (N = 1.33, n = 10). It is possible that other cell types undetected by our time-lapse settings could also move towards the amputation plane. Indeed, we could not only detect contribution from the notochord to the blastema (in 23/26 larvae examined) but also from epidermal cells migrating to the amputation plane at 24 hpi (in 14/19 larvae examined) using the photoconvertable fluorescent protein Coral-Hue Kaede. The movement of epidermal cells is also halted upon PD/LY incubation (in 7/31 larvae examined) (Fig. 1F) . The underlying mechanism driving these cellular movements is currently unknown. Overall, our data indicate that key cellular behaviors shared between the regenerative response and cancer progression can be modulated in meaningful ways by regulating the function of specific oncoproteins.
Genetic mutants affecting erbB2 and erbB3 and small compounds blocking their function impair regeneration
The regeneration assay described above also allowed us to evaluate, for the first time, regeneration phenotypes in a large fraction of the extensive collection of zebrafish developmental mutants identified over the past years. Although most of these mutants are homozygous lethal, many survive well beyond 8 dpf. We focused only on those mutants able to develop a wild-type looking caudal fin by 4 dpf. In doing so, we purposely excluded factors required for the normal development of the tail to increase the chances of identifying regeneration specific factors. During this bench screen we found several regeneration mutant alleles that fell into two complementation groups. Mutants failed to faithfully regenerate the amputated region, no terminal vesicle was visible and the formation of the blastema was usually delayed (Fig. 4A) . Homozygous mutants for some alleles were lethal at late larvae stages (around 12 dpf) but morphologically similar to their wild-type siblings up until 10 dpf. These mutants were initially identified due to the dramatic increase in the number of lateral line neuromasts (Fig. 4B) . Complementation testing demonstrated that three of these mutants were newly isolated alleles of hypersensitive (hps t21411 ), a mutant isolated in the first Tübingen screen (Whitfield et al., 1996) whereas the other mutant, which we called kitzelig (kiz), represented at the time a previously unidentified locus. As the identity of the affected molecules was unknown we genetically mapped the hps and kiz mutations. Fine mapping restricted hps to BAC clone zC182G16, sequence analysis of which revealed the presence of a receptor tyrosine kinase with 45% amino acid sequence identity to the mouse neuregulin receptor ErbB3 (HER3) (Citri and Yarden, 2006; Riethmacher et al., 1997) . Allele sequencing identified premature stop codons in hps t20458 , hps tc288d and hps t23877 that result in truncated proteins of 51, 375 and 487 amino acids respectively (Fig. 4C) . As all of these mutations lack the transmembrane and kinase domains they are likely to be functional nulls. Consistent with the finding that hps encodes erbB3, kiz t20604 maps to LG 12 in close proximity (0 recombinants in 1048 embryos) to a gene with 50% amino acid sequence identity to the mouse ErbB3 coreceptor, ErbB2 (HER2/neu). Unfortunately however, sequence of this allele did not reveal an unequivocal loss of function mutation within the erbB2 coding sequence, as is often the case with zebrafish mutants. We therefore addressed the function of this zebrafish erbB2 homologue by injecting a morpholino oligonucleotide targeting this sequence. Morpholino knockdown results in a phenocopy of the kiz glial and neuromast phenotypes with greater than 60% penetrance (68/100). This finding, together with the tight linkage demonstrated, makes it highly likely that kiz does indeed encode erbB2. This possibility is strengthened by the fact that additional alleles for erbB2 and erbB3 have been recently described (Budi et al., 2008; Lyons et al., 2005) and their developmental phenotypes are identical to those described here. In particular, erbB2/erbB3 signaling has been shown to be essential for the migration and proliferation of the Schwann cells present in the lateral line primordium of zebrafish which causes an increase in the number of lateral line neuromast (Lyons et al., 2005) . In newts, Schwann cells are also necessary for limb regeneration (Brockes and Kintner, 1986) . Thus, we wanted to know if the regeneration phenotype in our mutants was due to a defect in Schwann cells development. Schwann cells are neural crest derivatives that are not specified in the cls/sox10 mutants (Dutton et al., 2001) . We found that homozygous mutants for cls/sox10 were able to regenerate their tails (Fig. 4A ). This suggests that Schwann cells are not required for regeneration and that the upstream signals required for activating erbB2/erbB3 during regeneration might be different from those in neural crest development. The four mutant alleles for erbB3 are homozygous viable. However, adults homozygous for the allele hps t21411 survive best, as roughly 80% of the mutants were alive after 3 months post fertilization. Although the molecular nature of the mutation affecting hps t21411 remains unknown, this unique allele gave us the opportunity to test the regeneration potential of homozygous mutant adult fins. Congruently with the data observed for larvae stages, homozygous animals for hps t21411 often failed to regenerate their caudal and pectoral fins (see below). Intriguingly, the phenotype is not fully penetrant in the homozygous mutants (easily identified by virtue of a distinctive pigmentation phenotype), fluctuating between 30% and 70%. The wide variety of ligands, receptors and intracellular transducers associated with the EGFR family in vertebrates and the reported diversity of interactions between them (Citri and Yarden, 2006) may allow for a partial rescue of the regeneration phenotype in some animals and could account for this observation. Importantly, the expression of msxB, a transcription factor required for fin and limb regeneration (Han et al., 2003; Thummel et al., 2006) , is reduced or absent in areas of the mutant fins were no regeneration was observed (17/17 mutant fins) (Fig. 4D) . Moreover, the absence of msxB expression is associated to low proliferation in those specific rays. The fact that discrete rays of the caudal fin appear to modulate their own regeneration supports the idea of hemirays as the functional unit of regeneration in this appendage (Akimenko et al., 2003) . ErbB signaling has been shown to play important roles in a number of steps in development including proliferation, differentiation and survival (Citri and Yarden, 2006) . Often, this pathway controls these steps simultaneously in the same group of cells (Citri and Yarden, 2006) . We therefore explored the potential of using specific inhibitors to manipulate ErbB signaling under tight temporal control. Due to the crucial role played by neuregulin-signaling in the development of a Two zygotic recessive regeneration mutants, kitzelig and hypersensitive, have been identified from a bench mutagenesis screen performed in zebrafish larva. DIC images clearly show that the caudal fin does not regenerate upon amputation on the homozygous mutants after 3 days post-injury (3 dpi). The amputation plane can be identified as the point where the notochord ends abruptly. In the middle and lower panels the amputation plane is marked with a red arrowhead. In contrast, homozygous mutants for a null allele of sox10/colorless do regenerate. The right hand panels are larger magnifications of the left panels. (B) kitzelig and hypersensitive carry mutations on the EGFR members ErbB2 and ErbB3, respectively. FM 4-64 staining of neuromasts (red) of hps larvae at 7 dpf shows strongly increased number of neuromast when compared to wild-type siblings (dorsal view). Both fish carry a FoxD3GFP transgene that labels neural crest derivatives (green). To the right a close up dorsal view of trunk shows neuromast hair cells protruding from every myotome in hps larvae. (C) Mapping placed hps on LG23 with tight linkage to a recently characterized erbB3 homologue. Sequencing confirmed the presence of nonsense mutations in three alleles (plots) and block-diagram shows the resultant truncated proteins (domains: Cysteine-Rich (red), Kinase (green), Furin (blue), Transmembrane (black)). (D) Expression of msxB is affected in erbB3 mutants at 3 dpi. Adult fish homozygous for the hps t21411 allele exhibit a normal pattern of mkp3 expression compared to siblings despite of significant morphological defects on their regenerate. In contrast, the expression of msxB is downregulated in localized areas of homozygous mutants (red arrowheads) compared to controls. These areas exhibit a marked reduction of proliferating progenitor cells as defined by the number of PhosphoHistoneH3 positive cells (see Fig. 8A ).
number of human cancers, a large range of inhibitors of ErbB receptors have been synthesized as potential therapeutic agents. We used one such compound in our chemical screen, PD168393, which has been shown to bind specifically and irreversibly to the catalytic domain of the ErbB receptors and has potent anti-tumour activity in vivo (Fry et al., 1998) . Early zebrafish embryos undergo grossly normal development when exposed to concentrations of PD168393 covering a thousand-fold range (0.1 μM-100 μM). Early treatment with PD168393 at concentrations of 5 μM and above results in a phenotype that is identical to that of ErbB-receptor mutants described, namely, a dramatic increase in the number of neuromast organs in 100% of the larvae (n = 120) and a block of regeneration (R = 3.42 ± 1.61, n = 95) (Figs.  5A-D) . Furthermore, the treated larvae appear morphologically very similar to hps/kiz mutants, ruling out non-specific effects of the treatment. Essentially identical results were obtained by using a similar ErbB inhibitor, AG1478. A general drawback of most amorphic genetic mutants is that only the first essential zygotic function of a gene can be analyzed. Thus, the fact that the simple soaking of embryos in media containing these small molecule inhibitors conditionally inactivated ErbB in the zebrafish permitted us to address the specific time when the function of these proteins is required. In wt larvae most of the growth postinjury occurs between 48 and 72 hpi (Fig. 5F ) and proliferation starts immediately after amputation (Fig. 1E) . We found that ErbB signaling is required for proliferation all along regeneration in amputated larvae (Fig. 1E) but only up to 36 hpf during neuromast development (Fig.  5E) . Moreover, inhibition of ErbB signaling can block growth postinjury even when added at 48 hpi (Fig. 5F ). The observation that drugs The function of ErbB receptors is needed before 36 hpf in the lateral line system and its inhibition blocks growth post-injury during the regeneration response in the caudal fin even when added at 48 hpi (F). The data is expressed as Incubation time in the inhibitor (h)/time when inhibitor was added (hpi). As the inhibitor irreversibly binds to ErbB the data corresponds to 24 h/48 hpi, 48 h/24 hpi and 72 h/0 hpi (F). RR length (see Fig. 1D ) was digitally measured at 8 dpf/3 dpi using the Scaling option in AxioVision 4.4. Anterior to the left, dorsal up. designed as treatments for human cancer can induce the early differentiation of latent mechanosensory organs and block epimorphic regeneration in zebrafish is unexpected and suggests that ErbB signaling could be manipulated to promote organ regeneration in mammals.
To better understand the putative function of ErbB receptors during regeneration we decided to analyze their molecular behaviour. Due to the availability of both genetic mutants and chemical inhibitors we focused our experiments on ErbB2 and ErbB3. Nonetheless, other known combinations of EGFR may also be relevant for regeneration. ErbB2 and ErbB3 receptors can form heterodimers during normal development and disease (Citri and Yarden, 2006) . Upon heterodimerization, ErbB2 phosphorylates specific tyrosine residues in the intracellular domains of ErbB2 and ErbB3 (Jones et al., 2006) . Interestingly, a putative ligand for these receptors was identified 20 years ago as a growth factor necessary for limb regeneration in the newt. This molecule was originally purified based on its ability to induce proliferation of glial cells in vitro and was subsequently named Glial Growth Factor (GGF) (Brockes and Kintner, 1986 ). Today we recognize GGF as one of several splicing versions of the gene Neuregulin 1 (NRG1). We cloned the zebrafish homolog of GGF (NRG1 Type II) and found that it is weakly expressed in the blastema of regenerating fins as early as 24 hpi in both larvae and adults (Fig. S4) . Similarly, we found that erbB2 and erbB3 are also expressed in the blastema at 24 hpi. However, erbB2 and erbB3 are mostly weakly expressed all along the fins of wounded animals (Fig. S4) . Consistently, an antibody against human ErbB2 (HER2) label most cell types present in amputated fins compared to a very low reactivity in unwounded adult control fins. Moreover, an antibody anti-Phosphotyrosine also strongly binds to amputated fins indicating that ErbB2-ErbB3 heterodimers maybe indeed functional (Fig. 6) . Adding to the similarities between regeneration at larvae and adult stages described above, amputated larvae also exhibit a marked expression of ErbB2 associated to phosphotyrosine activity in the blastema from 1 dpi onwards (Fig. S5) . Together, our data indicate that components of the NRG-ErbB pathway are not only upregulated and translated but that ErbBs are likely transactivated along the wounded tissue early upon amputation.
Regeneration arrest in hps t21411 occurs downstream of wounded epithelium formation and PMN migration
After injury, a key and clearly demonstrated phenomenon in vertebrates, including zebrafish, is the migration of polymorphonuclear cells (PMNs or leukocytes) through diapedesis to the wound site (i.e. active cell migration which occurs immediately upon amputation) (Grabher et al., 2007; Redd et al., 2006) . If ErbBs play a general role in cell migration upon amputation it is possible that PMNs would be affected, which would likely have adverse consequences on proper wound healing and could result in abnormal regeneration. To formally test this possibility we characterized early stages of regeneration at the histological and physiological level in adults (Figs. 7A-E). We found that homozygous animals for hps t21411 failed to regenerate their caudal fins even after 30 dpi (Figs. 7A-C). Congruently, we found that the wound epithelium and the blastema failed to form at 1 dpi in homozygous mutants (Fig. 7D) . Interestingly, we also found that the initial events necessary for wound healing occur in ErbB3 mutants. We observed closure of the wound epidermis at 1 dpi ( Fig. 7D ) and activation of PMNs upon injury (Fig. 7E ). In fact, priming PMNs to a small wound in the fin prior to amputation indicated that leukocytes were motile and able to undergo directed migration either on ErbB3 mutants or in wt animals incubated with a combination of Fig. 6 . ErbB2 is expressed upon amputation all along the regenerating caudal fin of adult fish. Before amputation (Uncut) the amount of ErbB2 in the caudal fin is undetectable. However, ErbB2 is strongly accumulated after 1 dpi (Fig. S5 ) and 3 dpi. Similarly, the degree of protein phosphorylation at Y residues is low before amputation compared to amputated wild-type fins at 1 dpi and 3 dpi. Homozygous adults for hps t21411 exhibit a similar pattern of ErbB2 expression and Y-phosphorylation compared to wild-type fins, despite the absence of regeneration. Like in larval stages, ErbB2 is present all over the fin, including the plasma membrane of blastema cells (white arrowheads) and the neuromasts. In all cases, the ErbB2 signal often overlaps with the phospho-Y signal.
ErbB and PI3K inhibitors (Fig. 7E) . Together, these experiments suggest that the regeneration phenotype observed when disturbing ErbB signaling is not likely the result of defective wound healing caused by defects in the function of white blood cells to respond to injury.
PI3K interact with ErbB2 and ErbB3 during regeneration
Upon activation, ErbB2 and ErbB3 can recruit a large spectrum of transducer molecules to the membrane, including PI3K (Citri and affected in homozygous mutants for hps t21411 at 1 dpi compared to wild-type controls although the formation of the blastema is delayed. At 3 dpi, the blastema in homozygous mutants is smaller compared to wild-type controls. Additionally, the distal blastema is absent in some individuals (arrowhead on inset). All sections are longitudinal. Scale bar 50 μm.
(E) Polymorphonuclear leukocytes (PMNs) migrate to the wound site in wt animals, ErbB3 mutants and wt animals incubated with ErbB/PI3K (PD/LY) inhibitors. The initial site of DiI injection and the location of putative PMNs at 24 hpi is demarcated with white and red arrowheads, respectively. Most labeled cells migrate towards the amputation plane. Yarden, 2006) . A recent quantitative protein interaction network for ErbB receptors indicates that PI3K and PLC-γ account for a large fraction of the proteins preferentially bound by activated ErbB heterodimers (Jones et al., 2006) . Thus, we decided to evaluate their potential involvement in regeneration. Larvae and adults exposed to concentrations in the picomolar range of the PLC-γ inhibitor U731222 died shortly after the beginning of the treatment, suggesting a pleiotropic requirement of this signal transducer for survival. In contrast, when we perturbed PI3K signaling at both larvae and adult stages by means of the PI3K inhibitor LY294002 we found similar cellular and molecular phenotypes to those observed after perturbing ErbB2 and ErbB3 function (e.g. a sharp reduction in the proliferation rate from the earliest stages of regeneration and diminished expression of lef1 and msxB). Due to these similarities we tested for functional interactions between the NRG-ErbB pathway and PI3K signaling by incubating amputated animals in PI3K and/or ErbB inhibitors and evaluating their cellular and molecular responses. Interestingly, we observed that their effects on amputation-induced progenitor proliferation and migration were partially additive both at larvae and adult stages (Figs. 8A and B and Fig. S6 ). Additionally, we also found that both the expression of lef1, a transcription factor downstream of Wnt (Poss et al., 2000) , and the formation of the wound epithelium at 1 dpi in adults were most affected when both ErbB and PI3K signaling were blocked (Fig. 8C ). Current knowledge indicates that the progenitor pool required for regeneration can be produced either by proliferation of stem cells and/ or metaplasia (Alvarado and Tsonis, 2006; Slack, 2007) . Moreover, it is possible that different species regenerate homologous structures using progenitor cells from different origin (Chen et al., 2006; Echeverri and Tanaka, 2002) . However, fundamental molecular interactions required for regeneration may still be conserved independently of whether the restorative process in that particular species/organ is regulative or mosaic. Therefore, we wanted to know if both the individual effects and synergistic interaction between ErbB and PI3K modules were conserved between regenerating species. We incubated Axolotl larvae in PD168393, LY294002 or a combination of the two inhibitors for up to 12 dpi. The morphological effects observed were strikingly similar to those described for zebrafish larvae, thus supporting the central role of oncogenes during epimorphic regeneration in vertebrates (R = 6.80 ± 0.71 for DMSO, R = 3.61 ± 0.51 for PD168393, R = 2.08 ± 0.34 for LY294002 and R = 1.81 ± 0.14 for PD/LY) (Fig. S7) . The role of this pathway may not only be restricted to tail regeneration since we also found accumulation of ErbB2 at the amputation plane during zebrafish heart regeneration (data not shown). In conclusion, by means of classical genetics and chemical genetics we have found that ErbB and PI3K signaling functionally interact to modulate regeneration in zebrafish and Axolotl.
Neuregulin 1 is required for epimorphic regeneration
The induction of competent cells by instructive and permissive signals is of paramount importance during regeneration and is likely to depend on humoral and/or cell-cell contact interactions (Alvarado and Tsonis, 2006; Brockes and Kintner, 1986; Kawakami et al., 2006) . To support this notion, we modulated the expression of NRG1, a ligand of ErbB2/3 heterodimers (Citri and Yarden, 2006) , during early stages of development and evaluated the cellular response of larvae in the presence or absence of the ErbB-inhibitor PD168393. Donor embryos were injected at the one-cell stage with in vitro transcribed mRNA for NRG1 and/or EGFP. At the blastula stage, 10-30 cells were removed from an injected donor and orthotopically transplanted to uninjected hosts. When scored at 5 dpf, mosaic animals generated in this way often exhibited abnormal overgrowth in the ventral epidermis associated to EGFP fluorescence (17.97% ± 3.98) suggesting that NRG1 could indeed induce proliferation and/or accumulation of cells when ectopically expressed (Fig. S8 and table S1 ). To test whether NRG1 could still induce ectopic proliferation when ErbB receptors were blocked, embryos were injected at the one-cell stage with NRG1 mRNA and incubated with the ErbB inhibitor PD168393. Larvae injected solely with NRG1 usually formed abnormal accumulation of cells in the ventral epidermis (27.74% ± 1.97), accumulation not seen in larvae injected with NRG1 and incubated with the ErbB inhibitor PD168393 (0.83% ± 0.57) (Fig. S8 and table S1 ). Therefore, through cellular transplantations and chemical inhibition of protein function we found that NRG1 is indeed able to promote changes in cell behavior associated to the acquisition of migratory and proliferation properties through the ErbB pathway during larvae development. These observations, together with its expression pattern upon amputation, supports the hypothesis that NRG1 may also function upstream of ErbB during epimorphic regeneration.
To better test the role of NRG1 during regeneration we electroporated a morpholino (MO) designed against the acceptor splicing site on exon 6 into regenerating adult fins (Fig. 8D) . Fluorescein-tagged NRG1 MO or the control rx3 GT-MO (Rojas-Munoz et al., 2005) were injected into either the ventral or dorsal half of the regenerate in amputated fins at 1 dpi. The uninjected side was used as internal control tissue. The effect on regeneration was documented at 1 and 3 days post electroporation (dpe) on the same fins. The fins injected with control MO display normal regeneration compared to the internal control tissue. Conversely, fins injected with NRG1 MO exhibit a reduction of approximately 43% compared to their internal control tissue. This was also the case for fins injected at 2 dpi and evaluated at 3 dpe (data not shown). From these manipulations we concluded that NRG1 is indeed required for adult fin regeneration.
Discussion
The ability to regenerate structures lost to injury or disease is widely distributed along the phylogenetic spectrum (Birnbaum and Sanchez Alvarado, 2008) . Although the process varies between species and even between structures within species, three discrete steps are always distinguishable. As not all injuries trigger regeneration, the initial step includes the categorization of the type of injury by the organism. The mechanisms used by the organism to discriminate between injuries and launch the appropriate responses are largely unknown. The two following steps are better characterized and involve the generation and/or recruitment of progenitor cells to the site of injury and the reconstitution of the affected function/structure. Our data indicates that disrupting tissue homeostasis as a consequence of injury activates an early response that involves the interaction of ErbB/Neuregulin/PI3K along the caudal fin. We found that this response is required for regeneration to proceed beyond the step in which the stump is covered by the wound epithelium.
Current knowledge indicates that regenerating organisms use to a large extent the same set of cellular behaviors, signaling pathways and transcriptional networks at work during normal development to replace lost structures (Alvarado and Tsonis, 2006; Brockes and Kumar, 2008) . Therefore, the question of what provides a species with the ability to regenerate cannot be ascribed to unique transcriptional units and/or new functions specifically associated to regeneration. Although it is still formally possible that molecules with these unique properties remain to be uncovered, another explanation might lie at the level of the combinatorial interaction of previously described modules (e.g. signaling pathways) or processes (e.g. migration). In fact, some modules have been recently been implicated in processes required for regeneration (e.g wound healing) that are also observed in non-regenerating organisms (Jazwinska et al., 2007) . Different members of the EGFR family, including EGFR and ErbB2, have also been implicated in wound healing in non-regenerating species. Therefore, it remains a possibility that the early response mediated by ErbB/NRG/PI3K is part of an evolutionarily conserved mechanism involved in wound healing that promotes regeneration in certain species by modulating the type of injury response (e.g. scar formation in mammals or blastema formation in zebrafish). However, our data shows that ErbB/NRG/PI3K are also required at later stages of regeneration indicating that they function in processes that are clearly regeneration specific (Fig. 5F ). Interestingly, ErbB2 and EGFR are also required in specific cases of tissue restoration in mammals, like renewal of skeletal muscle and liver regeneration (Andrechek et al., 2002; Natarajan et al., 2007) . These two cases of tissue restoration do not rely on the formation of a regeneration blastema under a wound epithelium. Therefore, the function of ErbB/NRG/PI3K during later stages of regeneration is likely to be uncoupled with that related to wound healing and might also be evolutionarily conserved.
We have presented evidence from chemical and genetics approaches for the requirement of NRG1, ErbB and PI3K in vertebrate regeneration. While other functionally known combinations of ErbB receptors remain to be tested, our data support two alternative models in which the early and ubiquitous expression of the oncogenes erbB2/erbB3 could mediate competence in a scattered pool of amputation-induced progenitors. In one scenario, these progenitors are themselves positive for ErbB2 indicating that ErbB-PI3K signaling functions cell-autonomously as a permissive switch for proliferation and migration in a cell population of unknown identity. In this case, our findings would provide experimental support to the previously proposed connection between regeneration and neoplasia (Brockes, 1997 (Brockes, , 1998 . This model would arguably represent a paradox in the implicated organisms, because while cancer cells violate their social contract with other cells, proliferating and spreading in an unfettered way, regenerating cells use the gift of proliferation to reaffirm it, using to some extent the same molecular resources.
Alternatively, the expression data for NRG1, ErbB and PI3K and the regeneration phenotypes associated to their inhibition also suggest that the primary phenotype could be a disruption of the fin and/or the epidermis in the context of amputation. Consequently, this could be the source of indirect effects on the proliferation and migration of the mesenchymal cells in the blastema. In this scenario, the absence of lef1 transcription could be explained either as a consequence of the early cellular phenotypes or as an independent function of ErbB-PI3K signaling acting locally at the basal epithelium. Future studies would clarify the precise mechanism in play. By all means, however, it will be a challenge for the future to understand how markedly different outcomes (i.e. development, neoplasia or regeneration) can be achieved by means of the same signals. This understanding may not only prove instrumental in the emerging field of regenerative medicine but also in cancer biology. proliferation measured after 3 dpi compared to wild-type controls (Fig. S6) . Similarly, amputation-induced progenitor proliferation in the adult caudal fin at 1 dpi is reduced upon incubation with 5 μM of the PI3K inhibitor LY294002 or 10 μM of the ErbBs inhibitor PD168393 for 24 h. Importantly, upon simultaneous incubation with both inhibitors the amount of proliferating cells is reduced even more than in fins incubated with either alone (data not shown). (B) Similar to the adult situation, the simultaneous incubation with the PI3K and ErbB inhibitors significantly diminished the number of proliferating cells in the region A + B of the regenerate compared to amputated larvae incubated with either inhibitor alone or in DMSO. This trend is observed all over the duration of the regeneration response (Fig. S6 ). (C) ErbB and PI3K signaling interact to modulate regeneration in zebrafish. Images of amputated caudal fins at 24 hpi in wild-type or hps t21411 ErbB3 homozygous mutants. Normally, lef1 is transcribed in the basal layer of the regenerating epidermis at 24 hpi (red arrowheads). The wounded epithelium is also clearly visible at this stage (yellow arrowhead). Animals incubated with 10 μM of the PI3K inhibitor LY294002 exhibit an evident decreased on lef1 expression. Incubation with 10 μM PD168393 show a phenotype similar to that observed with LY294002. The thickness of the wounded epithelium is markedly reduced upon incubation with 10 μM LY294002 and 10 μM PD168393. Similarly, homozygous mutants for the ErbB3 allele hps t21411 incubated with 10 μM LY294002 lack any detectable lef1 expression or wound epithelium. (D) Electroporation of a morpholino designed against NRG1 disturbs regeneration while a control morpholino designed against rx3 does not. The difference in length of the regenerates that grew within 3 days post electroporation (dpe) between the two treatments was significant (98% ± 5.3% for the control morpholino and 54.2% ± 7.1% for the Nrg1 MO, P b 0.005). The data depicts the percent length of the regenerate of the experimental side in relation to the control side (e.g. the other half of the same fin).
